and using the AGMA formulation.
Mabie, Rogers, and
Reinholtz (I 990) developed a numerical procedure to determine the hob offsets for a pair of gears to maximize the ratio of recess to approach action, to balance tooth strength of pinion and gear, to maintain the desired contact ratio, and to avoid undercutting.
The earlier analyses summarized above dealt primarily with the static tooth strength of pinions and gears. They used the Lewis formula (Shigley and Mitchell, 1983) to calculate the tooth root stress and based calculations on the maximum static load applied at the tip of the tooth.
The dynamic tooth load, especially at high speed, can be significantly greater than the static load, and the maximum dynamic tooth load may occur at a location other than the tooth tip (Lin et al., 1989) . 
Theory_ and Analysis
Spur Gears Cut bv a Hob Cutter
The following analysis is based on the study of Mabie and Reinholtz (1987) . Figure 1 shows a hob cutting a pinion where the solid line indicates a pinion with fewer than the minimum number of teeth required to prevent interference. The addendum line of the hob fails above the interference point E of the pinion so that the flanks of the pinion teeth are undercut. To avoid undercutting, the hob can be withdrawn a distance e so that the addendum line of the hob passes through the interference point E. This condition is shown dotted in Fig. 1 and results in the hob cutting a pinion with a wider tooth. As the hob is withdrawn, the outside radius of the pinion must also be increased (by starting with a larger blank) to maintain the same clearance between the tip of the pinion tooth and the root of the hob tooth. To show the change in the pinion tooth more clearly, the withdrawn hob in Fig. 1 was moved to the right to keep the left side of the tooth profile the same in both cases.
The width of the enlarged pinion tooth on its cutting pitch circle can be determined from the tooth space of the hob on its cutting pitch line. From Fig. 2 , this thickness can be expressed by the following equation: t = 2etan ¢+ p (1) 2 Equation (1) can be used to calculate the tooth thickness on the cutting pitch circle of a gear generated by a hob offset an amount e; e will be negative if the hob is advanced into the gear blank. In Fig. 1 
Abstract
This paper presents an analytical study on the effect of hob offset on the dynamic tooth strength of spur gears.
The study was limited to equal and opposite offset values applied to the pinion and gear to maintain the standard operating center distance. The analysis presented in this paper was performed using a new version of the NASA gear dynamics code DANST.
The operating speed of the transmission has a significant influence on the amount of hob offset required to equalize the dynamic stresses in the pinion and gear. In the transmission studied, at low speeds, the optimum hob offset value was found to fluctuate. At higher speeds, the One solution to the pinion design problem is to specify nonstandard gears in which the addendum of the pinion is increased slightly, thus increasing its strength, while the gear addendum may be decreased by an equal amount.
These changes in tooth proportions may be accomplished without changing operating center distance and with standard cutting tools by withdrawing the cutting tool slightly as the pinion blank is cut and advancing the cutter the same distance into the gear blank. This practice is called the long and short addendum system. When gears are cut by hobs, this adjustment to the tooth proportions is called hob cutter offset. 
In this study, we limit our investigation to the case that the hob cutter is advanced into the gear blank the same amount that it is withdrawn from the pinion, therefore, A more detailed development of the dynamic model (13) and toothrootstress calculation can be found from previous literature (Cornell, 198I,and Lin etal., 1993b) .
Results and Discussion
The DANST analysis was applied to a pinion and gear set with a velocity ratio of 3: Since the dynamic response of a gear transmission is excited by the static transmission error, we may expect the changes in the static transmission error observed above will be reflected in the dynamic tooth stress. This effect can be seen in Figs. 5 and 6. Figure 5 shows the dynamic tooth stress of a standard pinion and gear (no hob offset) operating at 10 000 rpm. The maximum pinion stress (255 MPa or 37 ksi) is significantly greater than the gear stress (181 MPa or 26.29 ksi). For actual gears, the designer must maintain a minimum tooth thickness at the tip to prevent tip breakage.
The designer must also allow for an edge break at the tip and for manufacturing tolerances on all dimensions. These factors are ignored in this analysis.
It is not possible to design a gear set with tooth stress exactly equal for the pinion and gear at all operating conditions. Figure 8 is similar to Fig. 7 except the operating speed is one-half resonant speed (10 250 rpm). The dynamic load decreases slightly as the offset is increased.
The maximum pinion and gear tooth stress approach each other as the hob offset increases to the limiting value (e = 1.98 ram) when the pinion teeth become pointed. In this case, the best value to equalize the dynamic tooth stress of pinion and gear is the maximum allowable hob offset. The dynamic load curve of the optimal static offset (1.42 mm) appears to be slightly higher than the other two offset curves in the speed range below 14 000 rpm. mm (optimal static) offset. Figure 12 shows the maximum dynamic tooth stress for the gear. The hob offset has much less effect on the gear than the pinion (Fig. 11 ). There is a moderate stress reduction in the speed range of 10 000 to 18 000 rpm, but there is a small increase in the stress for speeds above resonance.
The analysis procedure presented in this paper can be used to determine the best hob offset for balanced dy- In some cases, it reduces the dynamic stress in the pinion and increases stress in the gear to achieve balance, however, in other cases, the stress is reduced in both the pinion and gear which further improves the load capacity.
In general, increasing
the offset improves the balance in dynamic tooth strength. However, the best hob offset value varies with the transmission speed. In many situations, the best offset value is limited by the maximum allowable offset that renders the pinion tooth pointed.
The optimal offset determined from Mabie's static procedure is most effective at lower speeds.
3. For gears operating over a range of speeds, a suitable offset is the average of all the best values within this speed range.
4. The analysis developed in this study can be used to determine the required hob offset to balance the dynamic tooth strength of pinion and gear. The balanced design will provide a gear system with higher load capacity. 
Modeling

